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Unambiguous Identification of -Tubulin as the Direct
Cellular Target Responsible for the Cytotoxicity of
Chalcone by Photoaffinity Labeling

Bo Zhou™,® Xingxin Yu*,”® Chunlin Zhuang,*® 9 Peter Villalta,’ Yong Lin,” Junxuan Lu,"

and Chengguo Xing*™

Chalcone is a simple and potentially privileged structure in me-
dicinal chemistry with a diverse repertoire of biological activi-
ties, among which cytotoxicity is of particular interest. The
sharp structure-activity relationship (SAR) for chalcone’s cyto-
toxicity suggests structure-specific target interactions. Despite
the numerous putative targets proposed, evidence for direct
target interactions in cells is unavailable. In this study, guided
by the sharp cytotoxic SAR, we developed a cytotoxic chal-
cone-based photoaffinity labeling (PAL) probe, (E)-3-(3-azido-
phenyl)-1-[3,5-dimethoxy-4-(prop-2-yn-1-yloxy)phenyl]-2-meth-
ylprop-2-en-1-one (C95; ICs: 0.38+0.01 um), along with two

Introduction

Chalcone is the core structure of many natural and synthetic
compounds that have demonstrated a wide range of biological
activities, including anticancer, anti-inflammatory, antioxidative,
and antibacterial activities."” Quite a number of proteins and
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structurally similar non-cytotoxic probes. These probes were
used to search for the direct cellular target responsible for
chalcone’s cytotoxicity through intact cell-based PAL experi-
ments, in which (-tubulin was identified to specifically interact
with the cytotoxic probe (i.e., C95) but not the non-cytotoxic
probes. A set of phenotypical and biochemical assays further
reinforced P-tubulin as the cytotoxic target of chalcones. Pep-
tide mass quantitation by mass spectrometric analysis revealed
one peptide potentially labeled by C95, providing information
on chalcone’s binding site on B-tubulin.

related mechanisms have been reported that may account for
chalcone’s diverse biological activities.” These results, howev-
er, also raise the question as to whether the chalcone template
is a privileged structure or a promiscuous one, particularly
given its potential to function as a Michael acceptor that may
react nonselectively with nucleophiles on various biological
molecules. Among the reported biological activities, chalcone’s
anticancer potential has been studied extensively, and many
lead compounds have been identified, including a number of
natural products such as isoliquiritigenin, xanthohumol, and li-
cochalcone A.®! Chalcone’s anticancer potential is particularly
interesting, because the cytotoxicity is highly structure depen-
dent, with potency ranging from low nanomolar to high micro-
molar even among chalcones of minimal structural differences
(Figure 1).¥ Such sharp structure-activity relationships (SAR)
suggest a well-defined and critical interaction of the cytotoxic
chalcone with its responsible cellular target(s), which supports
chalcone as a privileged structure.** Nevertheless, mechanis-
tic studies to date have identified many putative cellular tar-
gets that may account for chalcone’s cytotoxicity, including tu-
bulin,’® kinases,” cathepsins,”® topoisomerases,®% MDM2,%
and many others." The relevance and contribution of these
potential drug-target interactions to chalcone’s cytotoxicity
are not well characterized. Moreover, there has been little evi-
dence to support any direct interactions of cytotoxic chalcones
with these putative targets in intact cells. Taking tubulin as an
example, although chalcone-based compounds have been
documented to inhibit tubulin polymerization ex vitro,®¢ their
direct interaction in cells remains to be validated. Similarly,
whereas cells upon cytotoxic chalcone exposure would lose
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Figure 1. Chalcone’s structural scaffold and examples of chalcones with a sharp SAR on cytotoxicity that is critical to the design of PAL probes.

microtubule structure, such an effect can be mediated by mul-
tiple mechanisms.'? Therefore, there is a critical need to char-
acterize the direct chalcone-target interaction in cells that are
responsible for chalcone’s cytotoxicity. Such knowledge will
help to guide future rational optimization and translational de-
velopment of chalcone-based anticancer candidates.

Various approaches have been developed to identify the
direct cellular targets of drug candidates. The photoaffinity la-
beling (PAL) approach is of particular importance, because of
its ability to capture direct drug-target interactions through
the formation of a covalent bond upon UV exposure (Fig-
ure 2 A). Facile target identification is usually achieved by link-

non-target non-target
uv
target target
- chalcone core ¥ azide -~ alkyne

» biotin azide

B)

0

c95
ICso = 0.38 £ 0.01 uM

‘.,

target
identification MS

o) o)
O A A A AN N Ns
Jryg_ O Ty
z oY z 0 i

IC50 =83.5+2.5uM

ing the on-target PAL probe to a fluorescent or biotin function-
al group through synthetic methods, such as the click reaction,
for target visualization or enrichment. This approach, if applied
to the intact cell system, can, to a great extent, unbiasedly
reveal the direct cellular target profile of the drug candidate
under physiologically relevant biological conditions.!™

To the best of our knowledge, no chalcone-based PAL
probes have been explored for the identification of chalcone’s
direct cellular targets. In this study, we employed this approach
to search for the cellular targets responsible for the cytotoxici-
ty of chalcone. Three chalcone-based PAL probes (i.e., C90,
C91, and C95; Figure 2B) with similar structures yet with dis-

non-target
click with
biotin—-N3
g target

..,

biotin—streptavidin y
based enrichment i

«{ streptavidin-coated beads

release

digestion targe:

C91
IC50=286+22uM

Figure 2. Design of chalcone-based PAL probes for cytotoxicity target investigation. A) Scheme of target protein labeling, enrichment, and MS identification
with chalcone-based PAL probes. B) Structures of the chalcone-based PAL probes and their cytotoxicity ICs, values against A549 cells.
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tinct cytotoxicity were developed. Cell-based PAL experiments
revealed clear and distinct target protein labeling patterns
among these three probes, which suggested that these chal-
cones have a high level of discrimination in the cellular pro-
teome. Interestingly, one 52 kDa protein was selectively labeled
by C95, the cytotoxic PAL probe, but not by the non-cytotoxic
probes. Competition with cytotoxic and non-cytotoxic chal-
cones lacking the PAL functional groups further supported this
protein as the target responsible for chalcone’s cytotoxicity.
Subsequent streptavidin—biotin-based target enrichment and
mass spectrometry (MS) analysis unambiguously identified the
target protein as [-tubulin, which was further supported by
a number of biochemical and phenotypical assays. Our MS
analysis also revealed the potential binding site for chalcones
on B-tubulin. These data are valuable for the understanding
and future optimization of chalcone’s cytotoxicity. The success
also demonstrates the feasibility of PAL as a general approach
to explore the cellular targets responsible for the diverse bio-
activities of chalcone. Lastly, the results herein provide compel-
ling evidence supporting that chalcone can be developed as
a privileged structure instead of a promiscuous one.

Results and Discussion

Design, syntheses, and cytotoxicity-based selection of
positive and negative PAL probes

We previously synthesized a library of chalcone compounds
and determined their cytotoxicity against A549, a human non-
small-cell lung adenocarcinoma cancer cell line. Those com-
pounds showed a sharp SAR, with ICs, values ranging from
sub-micromolar to >60 um (Figure 1). We found that methoxy
groups at the 3’,5'-positions greatly favored the cytotoxic po-
tency, whereas a small-sized functional group at the 4’-position
did not have much impact. An azido substituent was well tol-
erated at the 3-position but was less tolerated at the 2- and 4-
positions, particularly the 4-position. A methyl substituent at
the a-alkenyl carbon atom was found to significantly increase
the cytotoxic potency. These SAR results guided the design of
the structurally similar cytotoxic and non-cytotoxic PAL
probes—C90, C91, and C95 (Figure 2B). The non-cytotoxic PAL
probe(s) were expected to serve as controls to help discrimi-
nate the cellular targets—whether they would be responsible
for chalcone’s cytotoxicity. Among the three probes, an azido
functional group was introduced at the 3-position as the PAL
group, whereas a propargyl ether linkage was introduced at
the 4'-position as the handle, as illustrated in Figure 2A. Me-
thoxy groups were designed at the 3',5'-positions of C95 with
a methyl substitution at the a-alkenyl carbon atom to maxi-
mize its cytotoxicity potency. The non-cytotoxic probes, C90
and C91, lacked either the methoxy groups at the 3',5'-posi-
tions or the a-alkenyl methyl group. The synthetic scheme
(Scheme S1) and detailed procedures are provided in the Sup-
porting Information. These three probes were first evaluated
for their cytotoxicity against A549 cells following our estab-
lished procedures.? As expected, C95 had a sub-micromolar
ICso (0.384+0.01 um) value to inhibit the proliferation of A549
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cells, which served as the positive PAL probe. C90 [IC;,=
(83.5+2.5) pm] and C91 [IC;,=(28.6+2.2) um] were >200-
and 75-fold less potent, which served as the control probes.

Intact cell-based proteome profiling with the PAL probes

To unbiasedly capture the drug-target direct interactions of
our PAL probes in the cellular environment, we performed
intact cell-based photoaffinity labeling experiments. Briefly,
A549 cells were pretreated with the PAL probes, which was fol-
lowed by covalent bond formation between the PAL probe
and its cellular target(s) upon UV activation of the azido func-
tional group. Cells were lysed, and the lysates were subjected
to the click reaction through the propargyl functional group
on the PAL probe with an azido-functionalized biotin [Fig-
ure S1, biotin—-PEG-N;] so that the PAL-probe-labeled target(s)
were selectively tagged with a biotin modification. Such lysates
were then resolved by SDS-PAGE, followed by streptavidin-
based western blotting to visualize the biotinylated proteins.
The results (Figure 3A) showed that these three probes had
distinct labeling patterns; C91 barely labeled any proteins,
whereas C90 labeled dominantly one protein at ~55 kDa and
slightly another protein at ~36 kDa. The cytotoxic probe, C95,
dose-dependently labeled mostly three proteins (~36, ~52,
and ~55 kDa), particularly if its concentration was at 0.5 or
1 puMm, which is close to its cytotoxic ICs, value. Among these
three proteins, C95 preferentially labeled the one at 52 kDa
(red arrow in Figure 3 A). The different labeling patterns among
the three PAL probes in the cellular proteome suggest that
they have distinct and highly selective cellular target profiles.
In addition, the absence of any protein labeling by C95 with-
out UV activation (the last lane in Figure 3 A) indicated a nonco-
valent nature of the interactions between C95 and its cellular
targets, despite its o,3-unsaturated ketone functional group as
a potential Michael acceptor.™ The distinct labeling profiles of
structurally very similar probes support that the chalcone core
structure in these probes is likely a privileged structure.

More interestingly, the protein at 52 kDa was only labeled
by the cytotoxic probe and not by either of the two non-cyto-
toxic probes. These data suggest that this 52 kDa protein may
be the direct target responsible for chalcone’s cytotoxicity. To
further explore this, a set of competitive labeling experiments
were performed (Figure 3B)."”" In brief, A549 cells were co-
treated with C95 and either cytotoxic chalcone C8 (IC;=
0.79 uMm) or non-cytotoxic chalcone C4 (IC5,> 60 um), both of
which are structurally similar to C95 but do not possess the
PAL group (Figure 1), and this was followed by the standard
photoaffinity labeling procedures. The results (Figure 3B, red
arrow) showed that cytotoxic C8 significantly decreased the
extent of labeling of the 52 kDa protein by C95 with no signifi-
cant competing effects on the other two proteins. Non-cyto-
toxic C4, on the other hand, decreased the extent of labeling
of the proteins at 36 and 55 kDa by C95 with no competing
effect on the 52 kDa protein. These data provide additional evi-
dence that suggest that the 52 kDa protein is chalcone’s direct
cellular target responsible for its cytotoxicity.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Intact cell-based photoaffinity labeling of the cellular target proteins by the cytotoxic and non-cytotoxic PAL probes. A) Dose-response photoaffinity
labeling of the cellular proteins with cytotoxic probe C95 in comparison with non-cytotoxic probes C90 and C91 and the necessity of UV activation for cova-
lent labeling. B) Differential competition of C95-labeled cellular proteins with cytotoxic chalcone C8 and non-cytotoxic chalcone C4.

Subcellular fractionation-based and biotin-streptavidin-
based enrichment of C90- and C95-labeled target proteins

Given that probe C91 showed minimal labeling in the intact
cell-based target profiling, C90 was selected as the control
probe to C95 for latter studies. To isolate the target proteins
for MS-based analysis, we first attempted target enrichment on
the basis of a standard subcellular fractionation in the hope
that the target proteins would be distributed in specific sub-
cellular fractions. A549 cells, upon PAL experiments, were lysed
into four fractions by using a commercial kit: the cytoplasmic
fraction (CF), the membrane fraction (MF), the nuclear fraction
(NF), and the pellet fraction (PF). These four fractions were sub-
jected to click reactions with an azido-functionalized biotin
and were then analyzed by streptavidin-based western blot
(Figure S2). It is clear that the majority of the PAL-probe-la-
beled proteins were in the cytoplasmic fraction. The mem-
brane fraction contained only a small amount of these pro-
teins, which might have been partly caused by crossover
among the adjacent fractions. The nonspecific signals (~75
and ~150 kDa, respectively, likely as a result of endogenous
biotin-modified proteins) were not detectable in the cytoplas-
mic fraction. Through this standard cellular fractionation, we
were able to enrich the proteins selectively labeled by the PAL
probes and to decrease the endogenous background signifi-
cantly.

To further enrich the PAL-probe-labeled target proteins, the
cytoplasmic fraction, after click reaction based selective biotin
modification, was incubated with streptavidin-coated beads to
separate the PAL-probe-labeled proteins from the rest of the
proteome. As expected, the supernatants after probe-labeled
target enrichment showed no biotin signal (Figure 4A), where-
as their Coomassie blue staining patterns were indistinguisha-
ble from those of the original cytoplasmic lysates (Figure 4B).
The enriched samples, upon release from the beads under de-
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naturing conditions, showed a biotin signal pattern similar to
that of the original lysate, whereas they showed minimal Coo-
massie blue staining other than the two proteins at ~55 and
52 kDa. These two proteins were not the most abundant en-
dogenous proteins, which further supports chalcone’s specific
interactions with the cellular proteins. These results demon-
strated that the PAL-probe-labeled proteins were efficiently
and selectively enriched from the cytoplasmic fraction.

Protein target identification by mass spectrometry

The 52 kDa protein band in the C95-treated enriched sample
lane was collected from the Coomassie blue stained gel (Fig-
ure 4B). The gel regions of the same molecular weight from
the C90-treated and DMSO-control samples were also collect-
ed. These gel bands were subjected to in-gel trypsin digestion
followed by MS analysis of the digested peptides for protein
target identification. Five rounds of experiments were per-
formed: the first three rounds were biological repeats, whereas
the last two rounds had slight procedural modifications as de-
tailed later. The MS-based peptide identification results from
each round were searched against a UniProt human protein
database by using Proteome Discoverer (PD). The representa-
tive data (round 3) are shown in Figure S3. The combined MS
results from all five rounds revealed several isoforms of B-tubu-
lin along with one a-tubulin isoform as the only target candi-
dates for C95 (Figure 4C) that met the following two criteria:
1) having a PD score >10 in every round; 2) not keratin. The
PD scores and #PSM (number of peptide-spectrum match),
two commonly used parameters for protein identification,"® of
these protein hits in the C95-treated sample were also com-
pared with those of the DMSO control sample and the C90-
treated sample in each round to eliminate false positives as
a result of potential nonspecific interactions. All tubulin iso-
forms showed significantly higher PD scores and #PSM in the
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Figure 4. Enrichment and identification of PAL-probe-labeled proteins. A) Biotin-streptavidin-based western blot and B) Coomassie blue staining of cytoplas-
mic lysates before and after enrichment with streptavidin-coated beads. C) Combined report of protein hits identified in five rounds of MS experiment of the
C95-treated sample, and D) overall coverage of TUBB from all five rounds combined. Red arrows in panels A) and B) indicate the 52 kDa protein in the en-

riched samples; hit filters applied for panel C) were “description does not contain ‘keratin

"

and “score>10".

Table 1. Proteins identified as the top candidates from the PAL-probe-based intact-cell proteome labeling experiment.”

Protein ID® Protein Name® Gene Symbol® €95 C90 Control
Score #PSM Score #PSM Score #PSM

P07437 tubulin f chain TUBB 180.68 71 52.68 19 5.87 2
P68371 tubulin $-4B chain TUBB4B 157.87 64 39.91 17 7.88 3
Q13885 tubulin $-2A chain TUBB2A 145.64 59 42.06 15 3.77 1
Q13509 tubulin $-3 chain TUBB3 93.03 40 24.60 12 5.77 3
Q9BQE3 tubulin a-1C chain TUBAI1C 54.13 23 22.65 13 11.73 5
Q9BUF5 tubulin -6 chain TUBB6 53.70 25 19.45 8 0 0

symbols are based on the UniProtKB database.

[a] Shown here are results from a representative round of five. Complete results of all five rounds can be found in Table S1. Protein IDs, names, and gene

C95-treated sample than in the C90-treated or DMSO control
samples (Table 1 for round 1 and the data for the other four
rounds are in Table S1), which confirmed that they were prefer-
entially labeled by cytotoxic C95. The one a-tubulin isoform
showed a much lower PD score and #PSM than the top (-tu-
bulin isoforms, which suggested that p-tubulin was the main
protein labeled by C95, with a much weaker interaction with
a-tubulin potentially through binding at a site near the dimer
interface on B-tubulin such as the colchicine-binding site."”
Among the B-tubulin isoforms, a high sequence coverage
(77.03%) was achieved for the top hit tubulin 3 chain (TUBB)

ChemMedChem 2016, 11, 1-11 www.chemmedchem.org
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(Figure 4D). The theoretical peptides from TUBB upon trypsin
digestion were compared with the detected peptides, and all
medium-sized theoretical peptides (5-35 residues, Table S2)
were found to be unambiguously detected with high-confi-
dence MS? spectra in the C95 sample. Lastly, anti-B-tubulin
western blotting was performed, and it confirmed the pres-
ence of B-tubulin in the enriched C95-treated cell samples,
which was absent in C90-treated samples (Figure 5). These re-
sults unambiguously identified tubulin, particularly B-tubulin,
as the 52 kDa protein that selectively interacted with the cyto-
toxic PAL probe C95 in intact A549 cells.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Target validation by anti-B-tubulin western blot of non-enriched
samples (8 ug) and streptavidin-enriched samples (from 40 ug of non-en-
riched sample).

Attempts to identify C95-modified peptides on f-tubulin
directly

The binding sites on the target protein(s) for the PAL probes
could be preliminarily characterized by identifying PAL-probe-
labeled peptides and even the specific amino acids by data
mining the MS? data.**'™® We first attempted to directly
search for C95-modified peptides from the trypsin-digested
peptide samples (rounds 1 and 2). The input for the MS? data
search was based on the data of our model reaction of the UV-
activated reaction of the probe (Figure S4) with theoretical
modification of the azido-functionalized biotin (Figure ST,
biotin-PEG-N,). We also tried to enrich C95-modified peptides
from the trypsin-digested samples by streptavidin beads fol-
lowed by MS? analysis (round 3). All these attempts, however,
resulted in no hits. We reasoned that the lack of success might
have been caused by the large hydrophobic probe-biotin func-
tional group, which might have significantly changed the
properties of the modified peptide(s) and prevented their re-
covery from PAGE or the C,5 column (C;g column was used for
desalting before MS analysis). The probe-biotin modification
may have also compromised the ionization of the modified
peptide or MS? fragmentation. We therefore modified the ex-
perimental protocol to remove the desalting step and acquired
the MS? data with the collision-induced dissociation (CID) frag-
mentation mode (round 4). This attempt also did not lead to
any potential hits.

We then employed an UV-cleavable biotin azide (Figure S1),
wishing to optimize the properties of the C95-modified pep-
tide(s) (round 5). The labeled cytoplasmic lysates were subject-
ed to click reaction with the UV-cleavable biotin azide, fol-
lowed by enrichment, in-solution digestion, beads capture,
and UV cleavage of the labeled peptides. Again, the experi-
mental conditions were optimized by using our model com-
pound, and MS search was based on the MS fragmentation of
the model compound (Figure S5). Disappointingly, this attempt
also did not identify any modified peptides with an unambigu-
ous MS? spectrum.

ChemMedChem 2016, 11, 1-11 www.chemmedchem.org
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Indirect identification of the C95-modified peptide on f-tu-
bulin by quantifying the abundance of unmodified peptides

We then resorted to using MS-based peptide quantitation as
an indirect approach to search for probe-modified peptides.
Our rationale was that if a trypsin-digested peptide from [-tu-
bulin was modified by C95, which was not detected in our pre-
vious attempts, the relative abundance of this natural peptide
detected should then decrease. The data analysis was per-
formed by following the reported label-free MS quantitation
method.">'¥ Briefly, the extracted ion chromatograms (EIC) of
the peptides with high-confidence MS? spectra were obtained
from the full MS' chromatograms. The peak areas of the same
peptide among the different samples in the same experiment
were integrated and compared in order to determine the rela-
tive abundance of such a peptide in the samples. Trypsin pep-
tides resulting from autolysis were analyzed as quality controls
for quantitation, as they should have equal abundance in all
the samples within the same experiment. As shown in
Table S3, four unique peptides derived from trypsin consistent-
ly showed similar abundances in C95-, C90-, and DMSO-treated
samples, and this established the feasibility and reliability of
this quantification method. Given that TUBB was the top hit
among the tubulin isoforms, peptides of TUBB detected in
rounds 1-3 were analyzed. Rounds 1-3 were used for analysis
because they were performed under the same conditions. The
ratios of the abundance of the TUBB peptides in the C95-treat-
ed samples to that in the DMSO control samples were calculat-
ed (Table 2). Among the 14 peptides detected, the ratio of
peptide N337K350 (NSSYFVEWIPNNVK) was the only one that
was out of the 99% confidence interval in all three rounds of
experiments. The ratio was also the lowest among the 14 pep-
tides in each round. The unusually low ratio of this peptide in
C95 to control samples suggested that C95 likely modified this
peptide, which led to a decrease in the amount of its natural
form. A close inspection of the X-ray structure of a colchicine-
tubulin heterodimer complex'” revealed that the terminal
lysine residue of this peptide resides in the colchicine binding
site, which suggests that the binding site of C95 on tubulin
may overlap with the colchicine binding site (embedded figure
in Table 2). This potential binding site is consistent with several
other literature reports. For instance, docking studies suggest-
ed that cytotoxic chalcones fit well in the colchicine binding
site,”™ and colchicine was shown to compete with cytotoxic
chalcones for tubulin binding.®™ Such a potential binding site
is also consistent with the fact that C95 labeled a-tubulin as
well, which indicated that C95 may bind around the interface
of the a-tubulin and (-tubulin heterodimer.

Additional results that support f-tubulin as the direct
responsible cellular target of cytotoxic chalcones

To further investigate whether -tubulin was the target respon-
sible for chalcone’s cytotoxicity, we first evaluated the effect of
C95 on tubulin polymerization by following the standard mi-
crotubule formation assay (see details in the Supporting Infor-
mation).®? C95 (3 pm) significantly inhibited microtubule for-
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Table 2. MS-based quantitative analysis® of the natural peptides from
TUBB in rounds 1-3, which were performed under the same conditions.
Data in the row highlighted in red pertain to the structure on the right
(produced from PDB ID: 1SA0), which shows the structural relationship
among a-tubulin (yellow), B-tubulin (green), the potential labeled peptide
(red), and the colchicine (blue) binding site on -tubulin.

Peptide C95/Ctrl Ratio
Round1 Round2 Round3
Y310-R318 44 51 105
F242-R251 36 38 104
L253-R262 20 38 179
1381-R390 47 37 162
147-K58 109 50 87
1163-K174 24 92 179
E325-K336 44 42 63
A63-R77 25 44 130
A283-K297 58 59 82
N337-K350 6 8 16
G104-R121 27 35 64
L217-R241 39 58 42
$78-K103 22 34 39
F20-R46 4 36 95
average™ 39420 44415 96+41

[a] Parameters for quantitation: mass tolerance 10 ppm, Gaussian peak
smoothing at 5 points; only peaks integrated >50000 in all samples in
all three rounds were analyzed. [b] Averages are given as the mean
values of all of the analyzed peptides with 99 % confidence interval.

mation, whereas C90 and C91 at the same concentration had
much weaker inhibitory effects (Figure S6). These results are
highly consistent with our earlier work, which showed that cy-
totoxic chalcones induce microtubule depolymerization in cells
(manuscript under review). G,/M-phase cell-cycle arrest is an-
other key feature of anti-microtubule-agent-introduced cyto-
toxicity.*“>" We previously showed that cytotoxic chalcone C8
arrested A549 cells at the M phase in dose- and time-depen-
dent manners, whereas nontoxic chalcone C4 did not affect
cell cycle (manuscript under review). Consistently, C95 at a con-
centration of 0.5 um, similar to its ICs, effectively arrested
A549 cells at the G,/M phase, whereas neither of the two non-
cytotoxic probes showed any effect on the cell-cycle distribu-
tion under the same treatment conditions (Figure S7). Interest-
ingly, even at concentrations similar to their own ICg, values,
non-cytotoxic probes C90 and C91 did not cause significant
changes in cell-cycle populations (the last two bars in Fig-
ure S7). These results suggest that tubulin is likely the respon-
sible cellular target only for the cytotoxic chalcones but not for
the non-cytotoxic chalcones. Finally, C95 was evaluated against
a panel of human cancer cell lines through the NCI-60 screen-
ing service (Figure S8). C95 had an average IC;, value of
0.26 pm, which is similar to its ICs, value in A549 cells deter-
mined in our studies (0.38 um). C95 also showed varied poten-
cies among the screened cancer cell lines (ICs, ranging from
269 nm to 288 pum). C95 was then analyzed against other
compounds that were evaluated through the same NCI service
by COMPARE and CellMiner for their cytotoxicity potency fin-
gerprint similarity.”” Ten antimitotic agents showed a correla-
tion of >0.5 with C95, which suggested a similar mechanism

ChemMedChem 2016, 11, 1-11

These are not the final page numbers! 22

www.chemmedchem.org

Table 3. Top candidates that have high correlation with C95 by CellMin-
er/COMPARE analysis of their cytotoxic potency among the NCI-60
human cancer cell lines.

Antimitotic Agent Correlation®

rhizoxin 0.647%
nakiterpiosin 0.6411
estramustine 0.628"
desacetylcolchicine p-tartrate 0.578%
S-trityl-L-cysteine 0.569"
(—)-dactylolide 0.5320
fenbendazole 0.516"
colchicine 0.507%
mebendazole 0.504%
N-benzoyl deacetylcolchicine 0.501%

[a] Correlation with C95 was calculated by using both CellMiner and
COMPARE services, with the higher value reported. [b] Correlation by
COMPARE. [c] Correlation by CellMiner.

of cytotoxicity (Table 3). Except for S-trityl-L-cysteine and estra-
mustine, the other eight compounds were all shown to exert
their antimitotic activity through direct interactions with tubu-
lin.*~?* Taken together, these results further support that p-tu-
bulin is the direct cytotoxic cellular target for C95 and provide
a mechanistic pathway—cytotoxic chalcones function as anti-
microtubule agents by directly binding to p-tubulin around
the colchicine binding site; such a binding interaction inhibits
tubulin polymerization and disrupts tubulin-microtubule dy-
namics; this results in cell-cycle arrest at the G,/M phase and fi-
nally leads to cell death.

Conclusions

We developed three chalcone-based photoaffinity labeling
(PAL) probes to characterize the direct interaction of chalcone
with its cellular targets, particularly the target(s) responsible
for its cytotoxicity. By integrating the photoaffinity labeling ap-
proach with other techniques, the results herein provided
compelling evidence that cytotoxic chalcones directly interact
with B-tubulin in cells, which leads to the disruption of cellular
microtubule dynamics and consequently cell-cycle arrest at the
G,/M phase. Although tubulin and a list of other proteins were
previously suggested to be involved in the cytotoxicity of chal-
cone, this work demonstrated direct chalcone-tubulin interac-
tion in intact cells and the critical role of such an interaction in
chalcone’s cytotoxicity. The knowledge with respect to the
binding site on tubulin deserves further investigation, and this
will provide structural information to explain the sharp struc-
ture-activity relationship and to guide further optimization of
chalcone-based anti-microtubule agents. The PAL methodolo-
gy employed herein can also be explored to search for the cel-
lular targets that are responsible for the other biological activi-
ties of chalcone. Lastly, the high target selectivity of the three
chalcones in intact cells and their sharp SARs in cytotoxicity
suggest that chalcone can be developed as a privileged struc-
ture for medicinal chemistry and chemical biology. Altogether,
such mechanistic knowledge of the direct cellular target inter-
action responsible for chalcone’s cytotoxicity revealed in this
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study is critical for future rational optimization and translation-
al development of chalcone-based compounds as potential an-
ticancer agents.

Experimental Section

Cell line and culture conditions: Human non-small-cell lung ade-
nocarcinoma A549 cells, from ATCC, were cultured in Dulbecco'’s
modified Eagle medium (DMEM) with 10% fetal bovine serum
(FBS), penicillin (100 UmL™"), and streptomycin (100 pgmL™") at
37°C with 5% CO,. Cells, upon reaching 80% confluency, needed
to be passaged by the standard trypsin method.

Intact cell-based photoaffinity labeling with PAL probes: A549
cells were seeded in six-well plates (2x10° cells per well in 2 mL
medium) or 100 mm cell culture dishes (2x10° cells per plate in
10 mL medium) and incubated for 20-24 h for attachment. The old
medium was removed and the new medium, containing the corre-
sponding probe at the specified concentrations, was added. After
1.5 h incubation, plates or dishes were exposed to UV light by
a UV illuminator (312 nm) for 8 min to activate the azide for
probe-target covalent labeling. Cells were then collected by stan-
dard trypsin treatment, pelleted, and lysed with EDTA-free radioim-
munoprecipitation assay (RIPA) buffer. The protein concentration of
the lysates was determined by the standard BCA assay. The lysates
were diluted to a final concentration of 1 pgulL™" with phosphate-
buffered saline (PBS) and were stored at —80°C until use.

Introduction of biotin to the PAL probe in the cell lysates by
click chemistry: To the lysate sample (30 uL) was sequentially
added azido-functionalized biotin (0.35 mm in DMSO, 3 ulL), tris(2-
carboxyethyl)phosphine (14 mm in H,O, 3 L), tris(benzyltriazolyl-
methyl)amine (2.8 mm in 3:1 tert-butyl alcohol/DMSO, 3 uL), and
copper(ll) sulfate (16.8 mm in H,0, 3 uL) to reach a final concentra-
tion of 25pum, 1 mm, 200 um, and 1.2 mm, respectively. For the
click reaction with the use of subcellular fraction lysates, which
contained EDTA (1 mwm), the concentration of copper(ll) sulfate was
increased to 2 mMm to achieve optimal reaction efficiency. The mix-
ture was incubated at room temperature for 1 h in the dark. For
larger scale sample preparation, up to 500 uL of lysate was used
and all reagents were proportionally adjusted.

Subcellular fractionation: A549 cells, cultured in 100 mm cell cul-
ture dishes, were treated with the PAL probes and exposed to UV
light the same way as that described above. Cells were then col-
lected by trypsin treatment and were fractionated by using a cellu-
lar fractionation kit (Thermo Scientific #78840) following the manu-
facturer’s protocol. Briefly, the cell pellet (~10” cells) was sequen-
tially extracted with cytoplasmic extraction buffer (400 uL, 10 min
at 4°C, centrifuged at 500g for 5min), membrane extraction
buffer (200 uL, 10 min at 4°C, centrifuged at 3000 g for 5 min), nu-
clear extraction buffer (75 uL, 30 min at 4°C, centrifuged at 5000 g
for 5 min), RNase-containing nuclear extraction buffer (50 uL, 5 min
at 37°C, centrifuged at 17000 g for 5 min), and pellet extraction
buffer (50 pL, 10 min at room temperature, centrifuged at 17000 g
for 5 min). Protein concentrations in each fraction were determined
following the BCA method and were then diluted to 1 pguL™' ac-
cordingly with PBS. Protein lysates were stored at —80°C until use.

Western blot analysis: Protein samples were resolved with the
Novex NUPAGE gel electrophoresis system following the manufac-
turer’s protocol by using commercial 4-12% SDS-PAGE gels (Invi-
trogen #NP0322). The proteins in the gel was transferred onto a cel-
lulose membrane and blocked with 1% bovine serum albumin
(BSA) in 0.05% Tween-20/PBS for 1 h. The membrane was washed
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twice with 0.05% Tween/PBS, then incubated with streptavidin—
horseradish peroxidase (HRP) conjugate (1:5000, BiolLegend
#405210) in 0.05% Tween/PBS for 1 h. For anti-B-tubulin experi-
ments, membrane was blocked with 5% BSA in 0.1% Tween-20/
TBS for 1 h and then incubated with HRP-conjugated p-tubulin an-
tibody (1:1000, Cell Signaling Technology #5346) in 0.1% Tween-
20/TBS containing 5% BSA for overnight. After three washes with
0.05% Tween/PBS, the membrane was incubated in SuperSignal
West Pico chemiluminescent substrate mix (Thermo Scientific
#34080) for 8 min with gentle shaking. The autoradiology film
(GeneMate #F-9023-5X7) was then exposed to the membrane for
a suitable period (typically within 2 min) and was developed in an
automatic film developer (Konica Minolta SRX-101A).

Enrichment of biotinylated PAL-probe-labeled proteins with
streptavidin-coated beads: A streptavidin T1 beads slurry (67 pL,
Invitrogen #65601) was washed thoroughly with PBS in a microcen-
trifuge tube. The beads were then incubated with the cytoplasmic
fraction lysate (200 uL) with gentle rotation by using a rotary
shaker (4°C, overnight). The beads were washed with 0.05%
Tween-20/PBS (400 uLx2), 1m NaCl in 0.1% Tween-20/PBS
(400 puLx2), and 0.5% SDS/PBS (100 uL). The beads were then
mixed with 0.5% SDS/PBS (14 pL) and heated (95°C, 5 min) to re-
lease the proteins from the beads. The protein sample was then
subjected to SDS-PAGE analysis. Typically, 5% of such protein
sample was used for western blot analysis, whereas the remaining
sample was used for Coomassie blue staining, in-gel digestion, and
MS analysis.

In-gel digestion: The SDS-PAGE gel was stained with Imperial Coo-
massie staining (Thermo Scientific #24615) to visualize the target
proteins. The gel region corresponding to a protein molecular
weight of ~52 kDa was cut out and diced into 1 mm cubes. To the
diced gel samples was added ammonium bicarbonate (25 mm,
100 pL) and dithiothreitol (300 mm, 10 pL). The mixture was incu-
bated for 15 min at 50°C. Then, saturated iodoacetamide (10 pL)
was added, and the mixture was incubated for 15 min at room
temperature. The supernatant was removed, and the gel pieces
were washed with a mixture of 1:1 v/v acetonitrile/25 mm ammoni-
um bicarbonate (100 puLx2) and acetonitrile (100 pL). The residual
solvent was removed by speed-vac, and the gel pieces were resus-
pended in ammonium bicarbonate (25 mm, 75pl); trypsin
(0.1 pguL™", 25 pl) was added to the gel pieces, and the mixture
was incubated at 37°C overnight. The supernatant was collected.
The gel pieces were washed with 0.1% formic acid in 60% acetoni-
trile/25 mm ammonium bicarbonate (100 pLx2). The washes were
combined with the supernatants and dried by speed-vac. The
dried samples were reconstituted in 0.1% formic acid (15 uL) and
then desalted with ZipTip C,3 column (Millipore #ZTC185096) by
following the manufacturer’s instruction.

Mass spectrometry analysis and hit identification: The final de-
salted samples were analyzed by LC-MS? by using a 75 pmx 11 cm,
15 um orifice, Luna C,3 (Phenomenex), 5 um, 80 A LC column and
a Thermo Scientific Orbitrap Velos (Rounds 1-4) or Fusion
(Round 5) MS system. The MS' spectra were collected with an orbi-
trap detector (at a resolution of 30000), and the MS? spectra were
collected with either higher-energy collisional dissociation (HCD)
(for rounds 1-3 and 5 at a normalized collision energy of 40.0) or
collision-induced dissociation (CID) (for round 4 at a normalized
collision energy of 40.0) MS? fragmentation with an orbitrap detec-
tor (at a resolution of 7500). The eluent was acetonitrile/H,O (0.1 %
formic acid) with a gradient from 2 to 35% within 1 h at a flow
rate of 300 uLmin~'. The raw peptide data thus collected was
searched by Proteome Discoverer with the Sequest algorithm
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against UniProt human proteome database to identify protein hits.
Default protein grouping was performed, and results were filtered
with the following two criteria: 1) “description” field does not con-
tain “keratin”; 2) “score” > 10 by default.

MS-based peptide quantitation: Xcalibur Qual browser was used
to view and analyze the raw data from the MS experiments. Exact
m/z values were calculated for peptides identified with Proteome
Discoverer and were used to extract exact mass ion chromato-
grams from the full MS data. Parameters for peak extraction were
as follows: 10 ppm for mass tolerance and Gaussian peak smooth-
ing at 5 points. Integrated peak areas below 50000 were marked
as <50000 based on the detection limit. The peaks thus obtained
were confirmed by manually inspecting the retention time, the
charge state, and the isotopic pattern.

Cell-cycle analysis: The cell population at different cell-cycle
phases was analyzed on the basis of the cellular DNA content by
the standard flow cytometry as previously described.” Briefly,
A549 cells were cultured as described above. When cells reached
~70% confluency in a 100 mm cell culture dish, the culture media
was replaced by the fresh media containing the corresponding
treatment (cells treated with 1% DMSO served as the control).
After the specified treatment period, cells were trypsinized and
centrifuged with the cell pellet collected. The cell pellet was
washed once with PBS and resuspended in PBS (1 mL). To this sus-
pension was added 70% ethanol (9 mL), and the mixture was
stored at 4 °C overnight for fixation. Cells were collected by centri-
fugation, washed twice with PBS, then resuspended in PI staining
solution (50 ugmL™" PI, 200 ugmL™" RNase A, and 0.1% Triton-X
100 in PBS, 1 mL) and incubated for 30 min at room temperature
in the dark. DNA content was quantified with a BD FACSCalibur
flow cytometer by using a blue laser (1=488 nm) and a long-pass
filter (1 =600 nm) to determine the cell population in the G,/G;, S,
or G,/M phase.

Notes
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Best PALs: A photoaffinity labeling ap-
proach was used to search for the
direct cellular target responsible for the
cytotoxicity of chalcone in a whole-cell-
based assay. f-Tubulin was unambigu-
ously revealed by mass spectrometric
analysis to be this target. Evidence sug-
gests that the potential binding site of
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